Kinetic Boltzmann equations are used to model the ionization and expansion dynamics of xenon clusters irradiated with short intense VUV pulses. This unified model includes predominant interactions that contribute to the cluster dynamics induced by this radiation. The dependence of the evolution dynamics on cluster size, Natoms = 20 − 90000, and pulse fluence, F = 0.05 − 1.5 J/cm 2 , corresponding to intensities in the range, 10 12 − 10 14 W/cm 2 and irradiation times, ≤ 50 fs, is investigated. The predictions obtained with our model are found to be in good agreement with the experimental data. We find that during the exposure the cluster forms a shell structure consisting of a positively charged outer shell and a core of net charge equal to zero. The width of these shells depends on the cluster size. The charged outer shell is large within small clusters (Natoms = 20, 70), and its Coulomb explosion drives the expansion of these clusters. Within the large clusters (Natoms = 2500, 90000) the neutral core is large, and after the Coulomb explosion of the outer shell it expands hydrodynamically. Highly charged ions within the core recombine efficiently with electrons. As a result, we observe a large fraction of neutral atoms created within the core, its magnitude depending on the cluster size. Atomic clusters are excellent objects to test the dynamics within samples irradiated with radiation from short wavelength free-electron-lasers (FELs) [1, 2, 3] . Their physical properties put them on the border between the solid state and the gas phase. Cluster studies are important for planned experiments with FELs in solid state physics, materials science and for studies of the extreme states of matter [4] . Accurate predictions on the ionization, thermalization and expansion timescales within irradiated samples that can be obtained with cluster experiments are also needed for exploring the limits of experiments on single particle diffraction imaging [5, 6, 7, 8, 9, 10] .
PACS numbers: 41.60.Cr, 52.50.Jm, 52.30.-q, 52.65.-y Atomic clusters are excellent objects to test the dynamics within samples irradiated with radiation from short wavelength free-electron-lasers (FELs) [1, 2, 3] . Their physical properties put them on the border between the solid state and the gas phase. Cluster studies are important for planned experiments with FELs in solid state physics, materials science and for studies of the extreme states of matter [4] . Accurate predictions on the ionization, thermalization and expansion timescales within irradiated samples that can be obtained with cluster experiments are also needed for exploring the limits of experiments on single particle diffraction imaging [5, 6, 7, 8, 9, 10] .
During the first cluster experiments performed at the free-electron-laser facility FLASH at DESY with VUV photons of energy, E = 12.7 eV, and power densities up to a few 10 13 W/cm 2 [11] highly charged Xe ions (up to +8) of high kinetic energies were detected. This unexpectedly strong energy absorption could not be explained using the standard approaches [12, 13, 14] . More specifically, the energy absorbed was almost an order of magnitude larger than that predicted with classical absorption models, and the ion charge states created were much higher than those observed during the irradiation of * Corresponding author. E-mail: ziaja@mail.desy.de isolated atoms in similar conditions. This indicated that at such radiation wavelengths some processes specific to many-body systems were responsible for an enhanced energy absorption.
The physics underlying the dynamics within the irradiated clusters is complex. Several interesting theoretical models have been proposed in order to describe the evolution of clusters exposed to intense VUV pulses [15, 16, 17, 18, 19, 20, 21] . The most explored ones are: i) heating of quasi-free electrons due to enhanced inverse bremsstrahlung (IB) [15, 16] , ii) enhanced photoionization within the sample due to lowering of interatomic potential barriers [17, 18] , and iii) heating due to manybody recombination processes [20] . Each of these various approaches lead to the significantly enhanced energy absorption in agreement with the experimental data [11] . However, one would expect that if all proposed enhancement factors are included within one model, it would probably lead to absorption rates much higher than those experimentally observed.
In order to evaluate the contribution of various processes to the ionization dynamics, we have constructed a unified model [22] , [23] based on kinetic equations including the following predominant interactions: photoionization, collisional ionization, elastic scattering of electrons on ions, inverse bremsstrahlung heating, electrostatic interactions between charges and with laser field, shifts of energy levels within atomic potentials due to the plasma environment, and shielded electron-electron interactions. Using a non-equilibrium Boltzmann solver, we followed the evolution of the Xe clusters of various size (N atoms = 20 − 90000) irradiated with rectangular VUV pulses of intensity 10 12 −10 14 W/cm 2 and duration, ≤ 50 fs. We found that all physical mechanisms that were included into the model contributed to the ionization dynamics but with different weights. The total ionization rate within the sample was affected most by the inverse bremsstrahlung heating rate applied. Within the theoretical framework defined above we estimated that: i) many-body effects (many-body recombination) [20] could contribute only for clusters irradiated at low pulse fluences, ii) the plasma environment effects estimated with electron screened atomic potentials were small. This was in contrast to the estimates of Ref. [17] performed with unscreened atomic potentials. Our study extended the treatment of Ref. [16] , where neither the spatial inhomogeneity of the clusters was treated nor the gross movement of electrons. It turned out that both effects significantly contribute to the cluster dynamics: the structure of charge created within the cluster was found to be strongly inhomogeneous [24] . This inhomogeneity was induced by the dynamics of electrons.
The main aim of this letter is to obtain a complete description of ionization and expansion dynamics. Therefore we have included into the present analysis the evaluation of the effect of the three-body-recombination process (the non-equilibrium recombination rates are included into kinetic equations), and the expansion of the cluster until ions start to leave the simulation box (up to ∼ 2 ps).
Dynamics within irradiated clusters depends on the pulse fluence and cluster size. We performed simulations of irradiated clusters at the parameter values corresponding to those at the first FLASH cluster experiment at DESY at 100 nm radiation wavelength [11, 14] . These predictions will now be compared to the experimental data.
The simulations were performed for clusters exposed to single rectangular VUV pulses of a fixed fluence, but of various intensities and pulse durations. The pulse intensity was 10 12 − 10 14 W/cm 2 and the pulse length was, ∆t ≤ 50 fs. The predictions obtained from different events were then averaged over the number of events. This scheme followed the experimental data analysis: experimental data were obtained after averaging the single shot data obtained with FEL pulses of various temporal shapes but of a fixed radiation flux. In particular, the experimentally estimated histograms of ion charge and predictions on the average kinetic energy per ion were obtained from the averaged time-of-flight (TOF) spectra. The TOF detector could record charged particles (ions) only. The experimental ion intensities were obtained by integrating and averaging the TOF signal over subsequent FEL pulses. Some of those intensities were corrected for the relative geometric acceptances of the TOF detector or the MCP detector efficiencies for different charge states. The maximal experimental uncertainty of the fluence estimation is given by factor of 2.5. We obtain predictions for two limiting cases: i) a cluster placed in the centre of the focussed beam and ii) the position of the cluster integrated over the approximately estimated spatial profile of the pulse. As we will see later, at higher pulse fluences averaging over the spatial pulse profile will have a higher impact on the model predictions, comparing to the case of a cluster placed in the centre of focussed beam. This is due to the strong nonlinear dependence of the ion charge created within a cluster on the pulse fluence at higher pulse fluences. At lower fluences this dependence is linear.
First we will investigate ionization dynamics at different cluster sizes. In figs. 1a-d we plot the charge state distributions at the end of expansion phase obtained for four different cluster sizes irradiated at a fixed pulse fluence of 0.4 J/cm 2 . The trend can be understood in the following way. The inverse bremsstrahlung is the dominant mechanism of energy absorption within our model. This process heats up the quasi-free electrons within the cluster. The hot electrons collide with ions and atoms, producing higher charges and releasing new electrons. These processes compete with the three-body recombination processes that reduce the ion charge and decrease the electron density. After the pulse is over, and the system reaches the local thermodynamic equilibrium (LTE) state, the number of ionization and recombination events saturates, changing slowly with the decreasing temperature within the cluster.
Within small clusters a large fraction of electrons released during the ionization processes can leave the clusters early in the exposure. The remaining electrons are not heated efficiently via inverse bremsstrahlung processes due to their low density within the cluster. Consequently, only low charge states are observed ( fig. 1a-b) . In contrast, within large clusters of 2500 and 90000 xenon atoms only a small fraction of the released electrons are able to escape from the cluster. The width of the positively charged outer shell is small with respect to the radius of the neutral core. Electrons confined within the core are then heated efficiently. That leads to further collisional ionizations. In fig. 1c-d we plot the respective ion fractions. Our predictions are in agreement with experimental predictions. The trend of the size dependence is correct: at fixed pulse energy the maximal ion charge created increases with the cluster size until it saturates at larger cluster sizes. The average charge is plotted as a function of cluster radius in fig. 1e . Similarly, at higher cluster radii the average charge saturates. This is in agreement with the experimental data. Saturation of the ion charge created within large clusters irradiated with a pulse of a fixed fluence is due to the fact that for clusters large enough the energy absorbed from the pulse (per atom) will not be sufficient for the creation of higher charge states.
Below we also show our estimates for the average kinetic energy per ion, E, as a function of the cluster radius ( fig. 1f ). The energy absorption per atom increases with the cluster size and also saturates for larger clusters.
The dependence of the ionization dynamics on the radiation flux has been experimentally investigated for xenon clusters consisting of 2500 atoms. Below we show the plots of the ion fractions obtained with the experimental data and the ion fractions obtained with our model ( fig.  2a-d) . Higher pulse fluences lead to the creation of higher charge states within the clusters in accordance with the mechanism described above.
At the lowest radiation flux, F = 0.05 J/cm 2 (e. g. I = 5 · 10 12 W/cm 2 and ∆t = 10 fs for a rectangular pulse), charges up to +3 were found. Our model shows only up to doubly charged ions. As suggested in ref. [22] , this small discrepancy between experiment and our predictions may be due to the fact that at low fluences the many-body recombination effects within the cold electron plasma can be important [20] . They could then lead to higher ionization states that we do not observe within this model.
At the flux, F = 0.3 J/cm 2 , experimental ion fractions have a maximum at Xe +2 , whereas our predictions peak at Xe +1 . However, the maximal ion charge is found to be +5 with both experimental data and simulation results. At higher flux, F = 0.84 J/cm 2 and the F = 1.5 J/cm 2 , the ion fractions are in a good agreement with experimental data. Maximal charges up to +7 and +8 are observed respectively.
The average charge is plotted as a function of radiation flux in fig. 2e . With the increasing pulse fluence the average charge created increases. The charges calculated are very close to the corresponding experimental values. Also, as expected, the content of neutral atoms found within the cluster (not shown) decreases at the increasing pulse fluence.
Below we show also the average kinetic energy per ion (estimated with our model) as a function of the radiation flux (fig. 2f) . The sparse experimental data do not allow the identification of the trend of the fluence dependence, i.e. whether it is linear or non-linear. Our predictions slightly underestimate the experimental predictions at high fluences but stay within the error limit given by the experimental uncertainty of fluence estimation.
In summary, we used a microscopic model based on a first principle Boltzmann approach to investigate nonequilibrium dynamics within atomic clusters of various sizes irradiated by single VUV pulses. This model is computationally efficient for small and large clusters, and includes various processes that are relevant at VUV photon energies. Predictions obtained at various cluster sizes and various pulse fluences were compared to the experimental data and found to be in good overall agreement, especially if one considers the experimental uncertainty of pulse fluence estimation given by a factor of 2.5. The results obtained have been cross-checked with independent molecular dynamics simulations, and have also showed good agreement.
The results obtained demonstrate the different ionization dynamics of small and large clusters. For small clusters the efficient escape of electrons from the cluster reduces the number of higher charges created within the sample during collisional ionizations. Recombination is also suppressed due to the absence of free electrons. For large clusters, many electrons stay within the sample as they are kept there by the attractive potential of the outer shell. They are heated by the IB process, and ionize and recombine efficiently. Higher charges are created, and as a result of efficient recombination neutral atoms appear within the cluster core. After the pulse is over, the system reaches the LTE, and the total number of ions and atoms within the sample changes only weakly. A fraction of neutral atoms remains within the core, its magnitude depending on the cluster size. This indicates that the ions detected during the experiment come mainly from the surface and the outer part of the cluster.
In conclusion, we find that formation of high charge states and the strong absorption of VUV radiation is quantitatively understood within the framework of our model.
